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ABSTRACT

The technique of photoslectron-photoion coincidence with variable ion source residence times has been applied to a study of
benzonitrile ion fragmentation. The breakdown curve of the parent ions shows a strong dependence on residence time. Detailed sna-
lysis of this dependence shows that the ion fragments from its electronic ground state via a “tight” activated complex, in agreement
with the conclusions of Chesnavich and Bowers. The rate-energy dependence agrees with that determined by Eland and Schulte, and
the fragmentation threshold is in reasonable agreement with the threshold observed in electron impact at very long ion source residence
times. The results lead 1o AJ—!‘,’%}(C6 H;’) = 1321 + 10 kd/mol. The energetics of additional neutral and ionic Cg4Hy isomers is estimated

and discussed.

RESUME

La technique de coincidence photodlectron-photoion, avec des temps de résidence variables dans la source d'ions, a été appliquée

& I'étude de la fragmentation de I'ion benzonitrile. La courbe de fragmentation de I'ion parent dépend fortement du temps de résidence.

Une analyse détaillée de cette dépendance montre que l'ion se fra

gmente & partir de |'état électronique fondamental par Vintermédiaire

d’un compfexe activé “‘rigide” en accord avec les conclusions de Chesnavich et Bowers.

La dépendance vitesse-énergie est en accord avec celle déterminée
nablement avec le seuil observé par bombardement électronique pour

©

sultats conduisent & AHIO
sont estimées et discutdes.

Introduction

Two basic items of information sbout an ion frag-
mentation process are its energy threshold and the de-
pendence of the fragmentation rate on the excitation
energy in excess of the threshold value. For large mo-
lecule ions, the determination of an energy threshold
is made difficult by a number of factors including the
slow fragmentation rate, the significant thermal anergy
content of the sample molecule itself as well as the dif-
ficulty in defining the energy distribution of the ion
produced by photon or electron impact. As for the
energy dependence of the rate constant, its determina-
tion requives an accurate knowledge of the affective pa-
rent ion residence time in the apparatus as well as 2 ca-
reful analysis of the effects of the axcitation energy
distribution on observable fragmentation behavior. The
observable behavior is always the result of the fragmen-
tation of 2 group of ions with a distribution of rates,
There is no reason to suppose that this distribution is
uniform in some narrow interval, nor that simple average
quantities can be determined.

The effect of slow decomposition kinetics on mea-
surements of fragmentation thresholds, the so-called
kinetic_shift, were pointed out many vears ago {1.2)
Gross (3}, Lifshitz et al. {4} and Gordon and Reid (8}

par Efand et Schulte et le seuil de fragmentation concorde raison-

des temps de résidence dans la source de I'ion trés fongs. Les ré-

(CS H4) = 1321 £ 10 KJ/mol. Les donndes énergétiques pour d'autres isomeéres neutres ou ioniques de CgHa

have demonstrated directly the effect of varying ion
residence time on electron impact appearance poten-
tials of large fragment ions. Vestal (6) and Potzinger
and von Blnau{7) performed QET calculations to es-
timate the magnitude of the displacement of the ob-
servable onset from the true threshold value. Other
workers have studied this kinetic effect by comparing
the appearance potential of the fragmentation formed
in the mass spectrometer ion source with that of the
delayed fragmentation observed as a metastable tran-
sition, often with conflicting results (8-13),

A completely different approach is based on the
study of the decay behavior of ions of more or less
kKnown excitation energy. These can be produced by
photoionization with heliumn 58.4 nm radiation com-
bined with selection of a narrow energy band of phoio-
electrons (14-16). Alternatively, variable photon wave-
length can be combined with selection of siectrons of
assentially zero energy {17-21), fons of more or less defi-
ned internal energy have also been produced and studied
by means of charge exchange {22) and implicitly by
means of second derivative electron impact technigues
{23). In all cases, the ions have a spread in internal ener-
gy because of the finite resolution of the photoslectron
energy selector, energy transfer in charge exchange, or
energy spread of the lonizing electron or photon

{*} Intergovernmental Personnel Act Appointse at the National Bursau of Standards, 1978-1980.
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beam. More fundamentally, the sample molecules have
a non-negligible internal thermal energy as well as ex-
ternal rotational energy. It is entirely possible that this
rotational energy may be available for fragmentation.

The purpose of the present study is to determine
the energy threshold and energy dependent fragmen-
tation rate for the process

CgHgCNT = CgHy + HCN

using the recently developed technigue of photoelectron-
shotoion coincidence with variable jon residence time
{24-28), This process was chosen for study because it is
somewhat more complex thant the three processes stu-
died previously by this technique. It has g high activa-
tion energy and, consequently, should have a large kine-
tic shift of the measured threshold, It has been the sub-
ject of numerous electron impact studies aimed at de-
termining the magnitude of this kinetic shift. The varied
results have bsen summarized and discussed by Gordon
and Reid (8}, Also, there have been two determinations
of the energy dependence of the fragmentation rate, one
by means of charge exchange {22}, the other by electron
jon coincidence using helium resonance radiation and
electron energy selection (27). The coincidence experi-
ment vielded a rate-energy dependence parallel to that
from the charge exchange experiment but displaced
about 0.4 eV higher on the energy axis. The difference
was attributed to collisional energy transfer in the charge
exchange experiment.

The energy dependence of this rate, as determined
by Andlauer and Ottinger {22} was studied theoretically
by Klots (48}, using his formulation of unimolecular rate
theory {28}, The results were unsatisfactory. More
recently, Chesnavich and Bowers (30} were able to ac-
count for the energy dependence of the rate, as deter-
mined by Eland and Schuite (27}, using standard QET-
RBKM formalism. The central difference between the
Klots study and the Chesnavich-Bowers study is that the
Klots rate formalism is essentially a final state formalism
which can be regarded as egquivalent to s transition state
formalism with a very loose transition state. The QET-
ARKM formalism allows for tight as well as loose transi-
tion states, although it is deficient in some details of an-
gular momentum conservation, Chesnavich and Bowers
found in fact that the experimental rate-energy depen-
dence could be accounted for by a rather tight transition
state. In both siudies the energy threshold was taken as a
fixed quantity, 4.65 eV in the Klotz study and 3.09 eV
in the later study. In the present work both the energy
threshold and the transition stzte characteristics will
be determined. Alse, the rate-energy dependence will be
established and compared with the two earlier determi-
nations,

Experimental

The experimental data were obtained with the thres-
hold photoelectron-photoion coincidence spectrometer
described previously (31}, The sample gas is "Qn‘zsd by a
monochromatized photon beam. The resulting photo-
electrons are drawn out by a very weak field and filtered
through a steradiancy anslyzer and cvlindrical sector
analyzer so that only electrons with near-zero initial
energy are detected. Following detection of such an elec-
tron, a drawout pulse is applied to the ion source region
and the positive ion is ﬁﬁ{:eiefazﬁd through an accelera-
ting-focussing lens system and a drift region, It is detec-
ted by z m%zé tiplier, in delayed gemmaﬁ&we with the elec-
tron pulse, The mass is determined by the time-of-flight,
using ozéé"i‘éﬁ‘fé electronic technigues. The electron filte-
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ring ars&m;eméz?‘t assures that the excitation energy of
%*s ion is accurately known, if the lonization potential

the molecule is accurately known. The actual narrow
éz‘i?" bution of ion internal ensrgies sampled in this sys-
temn is established by studyi @g the electron collection
e?’F iciency above the krypton P1 1o lonization threshold
{31). The half width of this distribution is 28 meV. It is
mt symme‘ss’ ical, having a pronounced low energy tail
resulting from some acceptance of higher energy slec-
trons wh ch are initially directed towerds the electron
filter.

The nominal parent ion residence time in the source
region is determined by the electron transit time and the
turn-on and rise time of the pulsing system. It is at the
minimum 0.70 gs. 1t can be Increased by deliberately
delaying the application of the drawout pulse. The maxi-
mum tolersble delay is dictated i}y ion losses due to drif-
ting in the ion scurce region. In the present study the
nominal delays employed were 0.70 and 3.80us. The
actual effective residence time is somewhat longer, as is
discussed later. The time of flight specira are similar
in appearance to those for chlorcbenzene (25) and bro-
mobenzene (26), Between the TOF peaks corresponding
to parent and fragment there is a distribution of counts
ai intermediate travel times. These come from dissocia-
tions cccurring in the acceleration-focussing lens region,
i.e. metastable fransitions. With the application of the
drawout pulse, ion fragmenting shortly thereafter will
have 2 travel time only a little longer than a fragment
formed just prior to application of the drawout pulse.
Thus it is necessary to define a time of flight renge in
which the ions are defined as fragments and to calou-
jate the additional time after pulse application which
produces fragments lying within this time range. Under
the conditions and definttions of the present experiment
this amounted to 0.37 us, which has to be added to the
drawout pulse delays. The rest of the ions, metastables
included, are then defined as parents, le. ions which
nave not decomposed within that time. Another time
can be defined by counting all metastable transitions as
fragments, The corresponding time is then the pulse
delay time plus the parent ion travel time through the
acceleration region. In this manner it was possible to
chtain data for as a third effective residence time from
the second definition, 6.9 ps. With this procedure it is
possible to take into account all observable f?%gm%rﬁa*
tion and non-fragmentation events in a self consistent
manner and determine & breakdown curve at different
ion source residence times, see Figure 1.

-

;

Anglysis of the data

The breakdown curves were analyzed in the same
manner as previously {24-26) except for the treatment
of external rotations (see below). The reactant ion fre-
quencies were taken to be the same a5 those of neutral
benzonitrile, and the set of rounded values tabulated
by Chesnavich and Bowers was used {30}, This correc-
ponds quite well 1o the actual fre queﬂc es of the mole-
cule {32}, A symmetry factor of 2 was used for the ac-
tivated complex and, following Chesnavich and Bowers,
a normal mode of 800 ﬁm"§ Wwas %‘aken 33 the rsaction

coordinate, aﬂci two normal modes of initial value 3100
{md 450 cm™ ' were @km as &éguszé&.s parameters,

Properly averaggé breakdown curves were calculated
for the thres effective residence times taking into ac
count the apparatus sampling function and the thermal
distribution of vibrational populations by means of
numerical convoelutions. In contrast to the sarlier stu-
diss, calculations were carried out on two sets of as-
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Fig. 1. — Breakdown curves for benzonitrile for 1.07, 4.17 and

6,90 ps effective residence times, Experemema pf}mts (o},

{a), (0] CgHg CNT parent; (e}, {4, { 2) CgH, fragment; {~}

kest fit cslculstions. The thermochemical threshold les at
1272 £ 0.03eV.

surnptions, namely that the external rotational energy
distribution was available or not available for fragmen-
tation, From the averaged breakdown curves the photon
energy at which 80 % fragmentation taekes place was
calculated for the 1.07 and 4.17 us effective residence
times, thus defining the long time {4.17 us}) crossover
energy and the shift in this crossover energy at the short
rasidence time (1.07 ps). From several sets of such ealcu-
lations a family of curves was constructed showing the
dependence of the crossover energy and crossover shift
on the value of the activation energy and the squivalent
activation entropy, defined as the activation en‘zrapy at
1000° K caleulated for the hypothetical thermal unimo-
lecular reaction with the same sctivated complex para-
meters. The results are shown in Figure 7 along with
two points corresponding to the experimental crosso-
\;EE’ energy, 14.37 £ 0.015 eV and crossover shift,

32 £ 0.02 eV determined in this work and the values
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Fig. 2. — Sensitivity of the calculsted benzonitrils breakdown
curves to activation energy, E..,, and activation entropy. The
curves show the change in the crossover energy lenergy at the
50 % point in the long time @@mnfmzrsg:ﬂent curves) and the
change in the crossover shift (energy differsnce between the
crossover points of the breskdown curves obtained st rwo dif-
ferent timas). (o] Crossover energy and shift obtained from Ei.
gure 1. {&] Crossover energy and shift caloulated using paramas-
ters from reference 30,

Y
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deduced by caloulations with the activated compl
mode! given by Chesnavich and Bowers. It ss eait h
the two quantities are somewhat different, leading
different predictions of breakdown behavior

o
a

Results and discussion

The above sensitivity analysis led to & best set of
activated complex parameters and an activation energy
which were used to calculate averaged breakdown curves
for all three effective residence times. These curves are
shown in Flgure 1. 11 is seen that the time behavior of
the experimental breakdown is reproduced rather well,
There is some indication of slightly slower variation,
which may represent some slight uncertainty in the
actual form of the apparatus sempling function and un-
ceriainty in the correction for accidental coincidences.
The parameters are given in Table | for both contribu-
tion of rotstional energy to fragmentation and no rota-
tional contribution. The actual curves shown represent
caleulations with no rotational contribution. The other
model fits the breakdown data equally well, but with
slightly different parameters. Also given in Table | are
the data used by Chesnavich and Bowers, Auxiliary ther-
mochemical data are given in Table 1. As mentioned
above, the kinetic parameters used by Chesnavich and
Bowers lead to a different breakdown behavior. This is
clearly shown in Figure 3 where breakdown curves are
shown both for our best fit parameters as well as theirs,
inspection of Table 1 shows that, aithough the zbsclute
differences are quite small, the effect on breakdown
curves is very pronounced. This is one more illustration
of the sensitivity of this method of analysis which was
noted at the outset {24),

TABLE |
Kinetic parameters for Benzonitrile lon Fragmentation

Inantive

o

} determined in

TABLE I}
Auxiliary Thermaochemical Data

kdfmet

2% computed using the vibrationa! frecusnci

25 determinsd

o

We agree with the principal qualitative conclusion of
Chesnavich and Bowers, namely, that thic fra gm%sﬁ‘%&% of
Broc proceeds via a tight complex rather than a loose
ion-dipole complex. Hence the formulstion of KI fft*: i
not applicable. As for ?h% ac‘f ivated complex parameters
themselves, Chesnavich and Bowers only lowered ons
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Fig. 3. — Comparison of calculated breakdown curves using the

best fit parameters obtained here (-} with the parameters used

by Chesnavich and Bowers {— —} (30}, Experimental points:
[A), (5), CgHECN™ parent; (4), (a) CgH fragment.

normal mode frequency from 3100 cm—' to 1500 cm
and a second from 450 cm~! to 150 em~ 1. Qur results
required only the lowering of one mode from 3100 cm—!
to 1500 em—1, As pointed out earlier {25}, the choice
of modes and their quantitative changes are without any
deep significance. Other sets of frequencies can be found
to fit as well,

The equivalent 1000K entropies and Arrhenius preex-
ponential A factors are much more meaningful and re-
semble the magnitude of the corresponding quantities
found in thermal decompositions of neutral molecules
when molecules are eliminated (33}, Unfortunately there
is no data on processes which are closely analogous. The
very small equivalent activation entropy suggests on the
one hand that the product C6HZ retains its ring struc-
ture and, on the other hand, that the transition state
geometry is not dramatically different from that of the
reactant ion. As a result the moment of inertia change
will be small and little, if any, of the external rotational
energy will be available for fragmentation (34,35},

The kinetic parameters determined from the crosso-
ver sensitivity analysis specify a rate-energy dependence.
This can be compared directly with an independent de-
termination of this dependence done several vears ago
by Eland and Schulte {27}, In their experiment they
defined the photoexcitation energy by means of helium
58.4 nm radiation and selection of a particular narrow
range of photoelectron energy. A mean rate constant
was determined from an analysis of the time of flight
distribution of ions decomposing in the accelerating field.
Their results, along with the results of our own analysis
are shown in Figure 4. It is seen that the rate energy de-
pendence deduced from our analysis of time dependent
breakdown curves is in very good agreement with those
of Eland and Schulte. Also, our model for no contribu-
tion from external rotations is in significantly better
agreement than the other. This is in pleasing contrast
with our sarlier comparisons with the results of Baer
et al. on chlorohenzene and bromobenzene (36}, where
significant disagreement was noted. Also shown on the
figure is the rate energy curve determined from the pa-
rametars used by Chesnavich and Bowers. These pars-
meters were used in our caleulations using the full
Laplace transform method fro caleulating sums and den-
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sities of viDrational stafes (9/799), Ihe curve does not
fit the experimental data nearly as well and, in fact does
not agree with the rate-energy dependence that they
computed {30} using the Whitten-Rabinovich method
{41}, There was 2 minor numerical error in their compu-
tations {42},

The sactivation energies, equivalent entropies and
squivalent A factors are summarized in Table 1, along
with the activation energy which can be derived from
the zero degree heat of formation for benzvme ion
which was derived in a2 somewhat indirect manner from
an earlier photoionization study of benzene {43). In
that study is was noted that the experimental onset for
the CgHj ion was identical to that for CgHg ion, and
it was assumed that both had identical thresholds both
of which were significantly displaced due to a large kine-
tie shift. This has now been directly verified, as was done
aarlier for the C4H§ ion from the same molecule by the
mare recent work of Eland et al. on pyridine (%), The
resulting experimental heat of formation of benzyne ion
is 1321 £ 10 J/mol. {216 kcal/mol.) at absolute zero,
compared 1o our earlier estimate of ~ 1328 kJ/mol. (43},
Assuming a vibrational heat capacity similar to ben-
zene molecule we obtain a room temperature value of
&H?z% {CgHz) = 1311 £ 10 kd/mol. {313 keal/mol.}.

From the benzonitrile ionization potential, .70 eV, and
the activation energy, 3.015 eV, we compute a fragmen-
tation threshold 0f 12.72 + 0.03 eV = 1227 + 3 kd/mol.
slightly higher than the slectron impact fragmentation
threshold value 12.88 £ 0.1 eV obtained by Gordon and
Reid (5} at long parent ion {(~ 1200 us) residence times.
The lower electron impact threshold value is probably
due to contribution of the internal thermal energy of
the molecule, which amounts to about 0.1eV on the
average,

Griitzmacher and Lohmann (45) measured an ioniza-
tion potential for benzyne, 9.45 eV, and a linear isomer,
3-hexen-1, 5-diyne, 9.6 £ 0.2eV using the RPD tech-
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Fig. 4. — Caleulated rate energy curves for bromobenzens, (-}
present calculations with no rotation and with activated complex
parameters which reproduce the data in Figure 1 {— — -] Same
without rotation, {(— —} present calculations with activated com-
plex parameters used by Chesnavich and Bowers (30}, {8} Ex-
perimental results of Eland and Schulte, (27},




nigue. However, a more recent photoelectron spectros-
copy study (98} gives 8.09 £ 0.02 for the average value
of the cis and trans form of this linear isomer. Hence we
take the benzyne ionization potential to be about 0.5 sV
iower. We then obtain AH?G (CgHy4) = 457 kd/mol.

{109 keal/mol} and &H;zgg (CgH,) ~ 447 kd/mol.

{107 keal/mol). The very good agresment betwesn the
CgH} heat of formation derived here and inferred in the
sarlier benzene study strongly suggests that there is no
significant reverse activation energy for both loss of
HCN and loss of H, from the two respective parent ions.

bt has been tacitly assumed that the jon and neutral
structures of CgH, represent the conventional benzyme,
Le. 1,2-dehydrobenzene. There are three neutral six
carbon-ring isomers, each with a singlet and triplet state.
A number of these have been invoked as reactive inter-
mediates {#47}. One has been trapped and the IR spec-
trum measured and analyzed to give convincing proof
of its 1,2-dehydro structure {48). Also a number of MO
calculations have been carried out (48} which suggest
that this structure may not necessarily be the most
stable. The ionjzation potentials caleulated by Dewar
(49) would suggest that the 1,3-dehydrobenzene ion may
be the most stable form, by about 1 eV. Thus it is not at
all certain that the ion structure formed in the present
work has the 1,2-dehydrobenzene structure. It is also
possible to estimate with some confidence the neutral
and ion thermochemical properties of three linear uns-
trained isomers using the neutral estimation scheme of
Benson (50} and one ionization potential from photo-
electron spectroscopy (48). The results are shown in
Table I, together with those obtained for the benzyne
species analyzed in this study. It is clear that the species
is not acyclic. It would be of interest to find experimen-
tal evidence for the formation of such an fon species at
higher excitation energy.

TABLE !
Thermochemistry of Some 05H 4 Neutral and fon Species

Structure AHF" neutral Ref, P Ref. ‘A‘Rfc fon
258 e¥ 258
kJfmot, kd/mal.

447 1 20 This work  aB8.0% 44,5 1311 £ 10
~534 et {a.13° - al810
;
~528 est.”  5.08 x 0.02 46 \1403
B ; : A
506 est,” {81y - 1483

Corvected for 3 systematic ervor of about 0.5 eV see text,
&0
Estimated using the Benson Procedure.

Assumed approximately eoual to the experimental value for Jehaxensl,S-diyne.

Lastly, the kinetic parameters deduced from this ana-
lysis prove conclusively that the fragmentation process
near threshold is preceded by internal conversion of alec-
tronically excited benzonitrile fons into vibrationally ex-
cited ons in the electronic ground state. In consequence,
the conclusions of Cooks et al, {56} concerning the me-
chanism of kinetic energy release in fragmentation must
be reexamined.

Summary and conclusion

The breakdown curve for the fragmentation show a
sirong dependence on residence tims in the lon source,
A detailed analysis of this effact leads 1o 3 rate energy
degendence in very good agreement with an earlier study

by Eland and Schulte. The kinetic parameters indicate
that the fragmentation proceeds via a “tight” activated
complex. in agreement with sarlier conclusions of Ches-
navich and Bowers, and that the fragmentation ocours
from the parent ion electronic ground state. The sctiva-
tien energy for the process leads to a benzyne ion heat
of formation very similar to that deduced from benzene
photoionization, and it is shown that linear CgHj iso-
mers have a significantly higher heat of formation. Fi-
nally, the fragmentation threshold deduced here is quite
close to that observed in electron impact at very long
{1200 us) ion source residence times.
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